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Tyr117Ser mutant. As for the aforementioned Y117A mutant, kinetic studies of the Tyr117 mutant enzyme demonstrate that replacement with smaller amino acids such as alanine or serine reduces the catalytic activity (k cat ) of the mutant, particularly the serine replacement, which eliminates any enzyme activity. This suggests that the volume and the electrostatic environment of the amino acid at this position affect both packing of the active site and GSH conformation, and thus directly impacts the catalytic activity of the enzyme.
Arg70A/Tyr117Ala mutant. The increased K M value for the GSH cofactor and the low relative activity of this double mutant are the consequence of the electrostatic and structural perturbations upon mutations of Arg70 and Tyr117 residues described previously.
Glu66Ala mutant. Both computational and experimental results reveal that Glu66
residue is important for the biological activity of mPGES-1.
1 According to CAS calculations, this residue exchanges van der Waals contacts and electrostatic interaction with the important side chains of Arg70, described previously, and Arg67. As shown in Figure 1 , the Glu66 side chain contributes indirectly to the binding conformation of GSH by maintaining the Arg70 side chain in a rigid and extended conformation due to the strong electrostatic interaction between their side chains. The network of π−π electrostatic interactions between Arg67-Glu66-Arg70-GSH carboxyl seems to be essential for the catalytic activity of mPGES-1. By analyzing the energy components, one can see where the majority of the energy contributions are derived. The van der Waals energy term for the wild-type and mutant is relatively constant compared to the electrostatic term, where the relative electrostatic energy value for the mutant with respect to the wild-type increases by ~33 kcal/mol (Table 2 ). This large difference is expected because the Glu66 is not directly in close contact with GSH and, the mutated protein loses the negative charge of Glu residue. The biochemical data showed that the mPGES-1
E66A
-GSH-PGH 2 mutant still maintains 50% activity relative to the wild-type. 1 This result is in agreement with our computational study, which proposed that the interactions between GSH and Arg70 and Arg122 residues are essential for the structure and function of mPGES-1. Indeed, the E66A mutation may destabilize both GSH-Arg70 interaction and the GSH conformation, leading to a slight decrease in K M of GSH and reducing only partially the catalytic activity of the mutant, as the γ-glutamyl carboxyl of GSH may still interact with Arg122 side chain, as described above for the Arg70 and Arg122 mutant.
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Arg67Ala mutant. This residue is found experimentally to play an important as well as favorable role in the catalytic activity of the enzyme, while the CAS approach estimated its contribution to the relative binding free energy to be only 0.14 kcal/mol using the GB model and 0.75 kcal/mol using the PB model, respectively. No interaction between this Arg67 side chain and the GSH or the PGH 2 exists in the mPGES-1-GSH-PGH 2 complex. In such a case, one possible explanation is that this residue may play a key role in stabilizing the monomer structure of the trimeric mPGES-1 protein. Indeed, as observed in Figure 3 , the Arg67 side chain is involved in the stability and compactness of the α-helices TM2 and TM3 by establishing strong hydrogen bonding between the guanidinium group of Arg67 of TM2 α-helix and the oxygen carbonyl backbone atom of L118 residue of the TM3 α-helix. A similar result was found in the structure of rat MGST1 protein (2H8A.pdb). 2 Thus, it is clear that the R67A mutant disrupts these hydrogen bonds, leading to a less compact structure and a greater distance between the two α-helices. Mutation at this site may therefore interfere with the activity of the mPGES-1 enzyme.
In fact, the substitution at this site may induce a local conformational change in the TM2 α-helix affecting the key interactions between the thiolate and carboxylate groups of GSH and the conserved Tyr117 and Asn74 residues ( Fig.1 & 2) . This result suggests that the dramatic decrease in activity can be ascribed mostly to the structural perturbation of the enzyme.
In addition, conformational changes in mPGES-1 upon mutation of a positively charged residue to a nonpolar hydrophobic residue may contribute to the changes seen in each energy component of the binding free energy, and thus may have an effect on the binding affinity of the GSH to the mPGES-1 trimer, resulting in the loss of the catalytic activity of the mutated enzyme.
In fact, the largest term in the binding free energy of Arg67 is the ΔΔE elec interaction (Table 2) .
This indicates a long-range electrostatic interaction with Arg67, and GSH may play an important role and be one of the reasons why the GSH scaffold is found in close contact with the key residue of TM2 α-helix of the monomer.
Glu77Ala mutant.
While the enzymatic activity of the mPGES-1 E77A mutant is significantly lower than the wild-type 1 , this residue (E77) has a minor effect on the binding with a ~0.67 kcal/mol reduction in ΔΔG bind GB of GSH and ~1.16 kcal/mol reduction in ΔΔG bind PB (Table 2) . Taking the standard deviation into account, they are in reasonable agreement. The unfavorable contribution is provided mainly by an electrostatic interaction.
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This finding may be interpreted on the basis of the structure of mPGES-1 trimer. Glu77 is located on the TM2 α-helix (residues 62 to 92) and is oriented toward the mPGES-1 trimer core (Fig. 2) . The Glu77 side chain is involved in hydrogen bonding with residues Arg73, Arg73′ of monomer 2, and Tyr80′′ of monomer 3, resulting in higher occupancies and shorter average distances. Glu77 contributes more to the intermolecular interaction between different monomers of the mPGES-1 trimer than to the intramolecular interaction within the same monomer. It can be clearly seen in Figure 3 that the mutation of Glu77 to alanine disrupts these electrostatic interactions and may lead to conformational changes in each mPGES-1 monomer in the trimeric structure, resulting in a change in the GSH binding mode. In total, these structural perturbations may significantly decrease the catalytic activity of the enzyme.
Finally, the CAS approach cannot be expected to measure the influence of the Arg67 and Glu77 to alanine mutation as proposed in a previous biochemical binding study. 1 One possible explanation, in this case, is that these residues, which are not in direct contact with GSH and PGH 2 ligands, are more apt to be involved in the structural stability of the enzyme trimer than in the ligand binding mode.
Thr129Val mutant. The replacement of the hydroxyl group of Thr129 side chain by a methyl group upon Val mutation did not produce substantial changes in the interactions with mPGES-1. In fact, the hydrogen bond between the PGH 2 carboxyl group and the hydroxyl group of Thr129 is lost upon Val mutation ( Figure 1) . As a result, the carboxyl group of the substrate is rotated slightly toward the Arg110 residue and creates two hydrogen bonds with the guanidinium side chain. Thus, the missing hydrogen bond between the PGH 2 and Thr129 is partly compensated by formation of a second hydrogen bond between the substrate and Arg110. This difference is seen in the free energy components. Although the calculated electrostatic interaction energies for the wild-type and T129V mutant are different (ΔΔΕ ele PGH2 = ~55.1 kcal/mol), the solvation energy term is slightly more favorable for the mutant (~-49.6 kcal/mol).
This reflects the more hydrophobic nature of the P PGH2 sub-pocket upon Val mutation.
Therefore, the calculated relative binding free energy decrease of only ~0.8 kcal/mol is in fair agreement with the relative experimental energy, ~0.34 kcal/mol. The various energy terms computed by the CAS method and presented in Table 2 show that the T129V mutation does not induce a significant change to the relative binding free energy of GSH (ΔΔG bind GSH = ~0.4 S5 kcal/mol, using GB model) since this mutant is confined to a small area in direct contact with the PGH 2 carboxylate group and far from the GSH sub-pocket P GSH .
